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LAGINPRESSURE
A theoreticalformula
SYSTBMSAT EX’IREMELY
By WilliamT.Davis
SIJMWRY
fordeterminingtime
LowPRESSURES
lagsinpressure-measuring
ssmtemsat allpressures,includingextrernel.yowpressureswheremolecular
f~owoccurs,is-derived&d shown~obe acc&atetowithin10percentfor
pressuresdownto approximately0.2millimeterofmercury(0.556lb/sqft)
fornearlylinesrpressurechanges.
INTRODUCTION
Becauseof thelow
tudesandtheextremely
pressurencounteredby
lowtest-sectionstatic
aircraftathighalti-
pressuresatwhichhigh-
smeedwindtunnelsnowowrate,it isdesiredto-extendtheequations
.
nowusedfordetermining-timelagsinpressuresystems(refs.1 smd2)
to theslipandmoleculsxflowregionswherethemeanfreepathisof
thesameorderofmagnitudeas thediameterofpressure-measuringtubing.
Thepurposeof thepresentinvestigationisto derivea theoretical
equationfortimelagandtoprovidean experimentalcheckofthevalid-
ityofthederivation.
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.
tubelength,ft
pressure
meanpressureintube,lb/sqft ormm Hg
appliedpressure,lb/sqft
pressureat instrument,lb/sqft
gas-flowrate,orvolume-flowratetimespressure,ft-lb/sec
tuberadius,ft
time,sec
volumeof instrumentplusone-halftubingvolume,cuft
differencebetweenaypliedpressureandpressureat instru-
timeconstantat
timeco,nstanta
anda pressure
sec
lb/sqft . —
.
measuredpressure,sec
—
.
referenceconditions,a temperatureof24°C
of760millimetersofmercirry(2,11.6lb/sqft),
viscosity,lb/sec-ft
weightdensityat P2jlb/cuft
EASICTHEORY
A theoreticalequationisderivedinreferences1 and2 fordeter-
mininglagintubinglesdingintosn instrumentvolumeatpressures
outsidetheslipandmolecularflowregions.Thetimeconstant,defined ‘-
as A=~/ isgivqnb equation(6)ofreference1 (withmodifica-dp2dt’
tionsof symbolsandminorsubstitutions)as
A= 8vpll
m4Kpmg
(1)
Forairundergoingisothermalchmge, K = 1.
.“
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Inreference3,whichisconcernedwiththeflowofgasesintubing I
atextremelylowpressures,thefollowingtheoreticalequation(applicable
atallpressures)isderivedforthegasflowrate:
(Q==+P216YZ1 - ‘2+ + ‘&’2(: - ‘)x]
where
x= w
~ ~ 1/2
()
2pr-
m P2
P12- P22= (Pl+ ‘2)(Pl- ‘2)=‘m(pl - ‘2)
ThemassrateofflowintotheinstrumentQp2p2 isalsothe/
rateof changeofmassof air ~ p .(v
Thereforej
. Q ~ dP2 ~ d-p2
P2—=p-=~ir
or
Simplifyingequation(2)endsettingiteqpalto equation(3)gives
(2)
(3)
4Thetimeconstsntis
PI - Pa 8vp2
A= = T
At a temperature
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(4)
of24°C anda pressureof760millimetersofmercury
(2,1161~/Sqft)
P = 1.25x 10-5lb/sec-ft
g = 32.2ft/sec2
Pa
—= 3*55x10-5ft-1
P2
Accordingtoreference
of0.8wasusedhere.
Atmeanpressures
3, f variesbetweenO.77andO.@$.A value
Substitutingthesevaluesintoequation(4)gives
A= 9.@ x 10-k
(
r3pmr+ 0.00278)
greaterthan5 millimeters
(5)
.
“
ofmercury
(13.9lb/Sq~) andvaluesof r greaterthsnl/32inch,thesecondterm
inthedenominatorfequation(5) issmallcomparedwiththefirst,and
equation(5)reducestoequation(1)wherethetimeconstantis inversely
proportionaltopressurefora giventubelengthenddismeter.Thisfact
maybenotedinfigure1,where.AJ~o(theratiooftimeconstantattest
conditionstotimeconstsntatreferenceconditions)ispresentedasa
functionofmesmpressure.As themeanpressuredecreasesto values
below0.1millimeterofmercury(0.278lb/sqft),thefirstterminthe
denominatorbecomesmallcomparedwiththesecond,and A approaches
a pointwhereittendstobecomeindependentofpressure.
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NACApressurecellswith3-inchberylJium-copperdiaphragmsacti-
vatinga mechanical-opticalrecorderwereusedto obtainplotsofpres-
sureasa functionoftimemeasuredattheendsof severalsectionsof
coppertubing(fig.2). A mirrorcoupledto thediaphragmdeflectsa
lightbesmonthefilmintherecorder.Thisdeflectionisproportional
to thechangeinpressure.Thecellshavea full-scalerangeof5 mil-
limetersofmercury(13.9lb/sqft)withen accuracyof0.5percentof
fullscale.Oneendofthetub~’wasconnectedto a vacuunchsmberwhere
theappliedpressurewasmeasuredby a pressurecellwitha negligible
lengthoftubing.Alsoconnectedtothechamberwerea pumpanda
needle,valveto admitairfromtheatmosphere.Thepressure-measuring
instrumentwasa pressurecellconnectedtotheotherendofthetube.
Testsweremadeto obtaintimelagsfortubingofdifferentlengths
andinsidedismeters.In addition,measurementsweremadewithpres-
sureincreasinganddecreasm. Thesequenceofthetestsandthetube
configurationssregiveninthefolJowingtable:
1
Test Tubelength,ft Tubeinsidediameter,h. Methd
1 4 0.Z25 Pressureincreasing
2 4 l1225 Pressureincreasing
3 4 .1225 Pressureincreasing
4 4 .1225 Pressuredecreasing
5 2 .1225 Pressureincreasing
6 2 .0597 Pressureincreasing
7 2 .0597 Pressuredecreasing%
Testsinvolvingincreasingpressureweremadeby firstPUM@ng
thesystemtobelow0.02millimeterofmercury(0.0556lb/sqft)and
thenallowtigairtoenterthechamberthroughthevalve.Thepressure
increasedatu almostconstantrateovertherangerecorded.A sample
plotofrecordedatagatheredby useoftheincreasingpressuremethod
intest3 isshowninfigure3. Datagatheredintest7, inwhichthe
pressureinthechamberwasdecreasedbyuseofthepump,areshownin
figure4.
6ThetimeconstantA
differenceatthetwoends
wasobtainedby
ofthetubesnd
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.
measuringboththepressure
therateofpressurechange,
d@t ) atthemeasuringinstrument(fig.5): .
Plotsof A/Ao,
l=.-+
RESULTSANDSOURCIFJOFERROR
bothexperhnentalndtheoretical,areshownin
figures6 and7.’Plotsof h areshowninfigure8. Theexperimental
pointsfallwithin5 percentofthetheoreticalcurvesforpress~es
.-
greaterthan0.7millimeterofmercury(1.95lb/sqft).Thelarge
errorsexistingforpressuresbelow0.7millimeterofmercuryinall
—
testsexcept ests4 and7 areduetothetransienteffectsasthe
appliedpressuresuddenlybeginsto increase.k exampkof.these
effectsmaybe seeninfigure3. TheriseofappliedpressureP
tbeginsapproximately2 secondsbeforethatofthepressureP2 a the
instrument,andthetransienteffectslastapproximately8 secondsin
thistest.Thedatasymbolsinthisregioninthefiguresarefilled
to indicatetransienterrors.
“
An attemptwasmadeintest4 ofthe0.1225-tichinside-diameter
tubingandintest7 ofthe0.0597-inchinside-dismeterubingtominim-
izethetransienteffects.Thetestswerebegunwiththesystematan
initialpressureofapproxin@ely20millimetersofmercury
(55.6lb/sqft). Theappliedpressurewasvariedby decreasingthepres-
sureinthevacuwnchamberwiththepump. It isbelievedthatnomore
thana negligiblepartofthetransienteffectswas.still.presentasthe
.—
pressuredecreasedto a valuewithinther-e ofthepressurecells.
.
—
Itmaybe notedfromtheplotsof A infigure8 thatmostofthe
differencebetweenexperimentandtheoryexistinginthetestswith
increasingpressureisnotpresentinthosewithdecreasingpressure.
Thedifferencethatisstillpresentincreasesaspressuredecreases
andreachesapproximately10percentasthemeanpressurefallsto
0.3millimeterofmercury(0.834lb/sqft). Mostofthisdifferenceis
believedtobe dueto inaccuracyinthemeasurementof 4 andinthe
measurementoftheslopeof.theplotof P2 againstime.Boththe
slope,dp2dt and 4 aresmallatthelowpressures/
isappreciable,and smallerrorsinthemeasurementof
couldaccountfortheerrorinthevaluesfor A.
wheretheerror
thesequantities
-.
e
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Thepressurecellindicateda pressureof -0.025millimeterof
mercury(0.0695lb/sqft)inthevacuumchsmberas itwasevacuated,
andthisvalueindicatesa shiftinthezeropointofthepressure
cellsubsequentto itscalibration.Thisshiftwouldappearasa very
noticeableerrorinthevalueof 4 when 4 issmall,andisin
thecorrectdirectionto accountforsomeoftheerrorexistingin A.
Thecalibrationswerenotcorrectedfortheshiftinthezeroreading,
becausethepressureceus areonlyaccuratetothisorderofmagnitude.
Assumesmerrorin 4 of0.03millimeterofmercury
(0.0834lb/sqft)inordertorealizetheeffectofan errorofthis
_itude inthecalibration.Thiserrorin 4 wouldproducean
errorinthevaluesobtainedfor X of 4 to 6 percentat a meanpres-
sureof0.3millimeterofmercury(0.834lb/sqft).
Theeffectof inaccuracyinvaluesusedforthetubedismeterin
theformulasinthisreportshouldbekeptinmtid. Eqyation(4)tilJ
reduceto anequationinwhichthediaeterappearstothefourthpower
atthehigherpressuresandtothethirdpoweratthelowerpressures.
Thedismetersgivenbythemanufacturerforthetubingusedinthis
investigationcontainederrorsof 2 percentsnd4.5percent.Themean
effectivedismeterswereusedinthecalculations.Thesevalueswere
obtainedbymeasuringthevolumeofwaterrequiredto filJ.thetubing.
Sincethemeanpressurewasusedincalculatingthelsgs,the
determinationftheappliedpressuresfrommeasuredvaluesmayrequire
successiveapproximateions.
CONCLUDINGREMARKS
An analysishas,beenpresentedforthetheoreticaldetermination
oftimelagsinpressuresystemsat extremelylowpressureswherefree
molecularflowoccurs.ExperimentaldatatoverifythetheoryMdicate
theequaticmtobe accuratewithinm errorof10percentformeanpres-
suresas lowas0.2millkneterofmercury(0.556lb/sqft). Lowermean
pressureswerenotobtainedinthisinvestigation.
LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,
LangleyField,Vs.,August12,1958.
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